A dedicated facility named High Radiation on Materials ͑HiRadMat͒ is being constructed at CERN to study the interaction of the 450 GeV protons generated by the Super Proton Synchrotron ͑SPS͒ with fixed solid targets of different materials. The main purpose of these future experiments is to study the generation and propagation of thermal shock waves in the target in order to assess the damage caused to the equipment, including collimators and absorbers, in case of an accident involving an uncontrolled release of the entire beam at a given point. Detailed numerical simulations of the beam-target interaction of several cases of interest have been carried out. In this paper we present simulations of the thermodynamic and the hydrodynamic response of a solid tungsten cylindrical target that is facially irradiated with the SPS beam with nominal parameters. These calculations have been carried out in two steps. First, the energy loss of the protons is calculated in the solid target using the FLUKA Nucl. Sci. Eng. 123, 169 ͑1996͔͒, which is based on a Godunov-type numerical scheme. The transverse intensity distribution in the beam focal spot is Gaussian. We consider three different sizes of the focal spot that are characterized by standard deviations, = 0.088, 0.28, and 0.88 mm, respectively. This study has shown that the target is severely damaged in all the three cases and the material in the beam-heated region is transformed into warm dense matter including a strongly coupled plasma state. This new experimental facility can therefore also be used for dedicated experiments to study high energy density matter.
I. INTRODUCTION
Due to the large efficiency and the high repetition rate of the existing particle accelerators, intense particle beams are considered to be a viable driver for a future inertial confinement fusion ͑ICF͒ power reactor. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, the high beam intensity ͑of the order of 10 15 particles per bunch͒ and the short bunch length ͑of the order of 10 ns͒ required to implode a reactor-size capsule, are far beyond the reach of the present day technology. It may be helpful to appreciate this problem by noting that the highest beam intensity of uranium ions that will be available at the future Facility for Antiprotons and Ion Research at Darmstadt, 14 which is a very extensive international accelerator project, will be 5 ϫ 10 11 while the bunch length will be 50-100 ns. This shows that a substantial progress in the technology of high intensity bunched beams is required to achieve ion beam ICF. However, theoretical work that includes sophisticated two-and three-dimensional numerical simulations as well as analytic modeling [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] has shown that one can carry out very useful work in the field of high energy density ͑HED͒ physics using the existing ion beam facilities and those which will be available in the foreseeable future. Another accelerator project in Europe that has already been commissioned, namely, the Large Hadron Collider ͑LHC͒, 29 is the biggest and the most sophisticated accelerator complex in the world. When working at its full capacity, it will generate two counter-rotating beams of 7 TeV/ c protons to allow collisions with unprecedented luminosities. It is important to note that energy stored in each of the two beams will be 362 MJ, sufficient to melt 500 kg of copper. Safety of the equipment is a very important and very challenging issue a͒ Author to whom correspondence should be addressed. Electronic mail: n.tahir@gsi.de. Fax: ϩ49 6159 71 2992.
while operating with such powerful beams. Any accidental release of even a small fraction of the beam could cause considerable damage while the worst case scenario is the loss of the entire beam at a point. We have carried out extensive numerical simulations to estimate the damage caused to a solid cylindrical copper target by the full impact of the LHC beam. [30] [31] [32] This work has an additional, very interesting, and important outcome that the LHC beam can be used as an efficient tool to generate huge samples of HED matter and one may design dedicated experiments in this research field.
The Super Proton Synchrotron ͑SPS͒ at CERN is used as LHC injector, but also to accelerate and extract protons and ions for fixed target experiments as well as for producing neutrinos ͑CNGS͒. In particular, the risks during the fast extraction of the LHC and the CNGS beams must be considered since any failure during this process can lead to serious equipment damage. In a previous study 33 we reported twodimensional hydrodynamic simulations of solid copper and tungsten cylindrical targets that were facially irradiated with the SPS beam. However, in these previous simulations we studied the hydrodynamic and the thermodynamic response of the target along the cross section at a fixed position on the target axis which was considered to be the point of maximum energy deposition. This implies that the particle range is fixed in the target which is not the case in practice. The energy deposited by a few tens of the proton bunches leads to substantial heating that generates very high pressure in the target. This high pressure generates a radially outgoing shock wave that leads to a significant reduction in the density. As a consequence, the protons that are delivered in the subsequent bunches experience considerable range lengthening and penetrate deeper into the target. This so called tunneling effect could therefore not be seen in our previous simulations.
In the present calculations of the tungsten target, on the other hand, we consider the target geometry in the r-Z plane and normalize the energy deposition in each simulation cell of the hydrodynamic model with respect to the line density along the axis which allows for the deeper penetration of the protons as the density is reduced. Highly significant differences in the results are observed in the two cases.
In Sec. II we present the nominal SPS parameters while in Sec. III the problem of energy deposition of the 450 GeV SPS protons is discussed. Hydrodynamic simulations results are given in Sec. IV while further discussion of the results including a comparison with the previous calculations is presented in Sec. V. Conclusions drawn from this work are noted in Sec. VI.
II. SUPER PROTON SYNCHROTRON BEAM PARAMETERS
The SPS accelerator is 6.9 km long ͑circumference͒ and accelerates protons from 14 or 26 GeV/ c to a momentum of up to 450 GeV/ c. It is a cycling machine with cycles having a length of about 10 s. The transverse beam size is largest at injection and decreases with the square root of the beam energy during acceleration. For the operation as a synchrotron, the beam size is typically on the order of 1 mm.
When the SPS operates as LHC injector, up to 288 bunches are accelerated, each bunch with about 1.1ϫ 10 11 protons. The bunch length is 0.5 ns and two neighboring bunches are separated by 25 ns so that the duration of the entire beam is 7.2 s. The normalized emittance is 3.75ϫ 10 −6 m. Assuming a beta function of 100 m, the beam size is of 0.88 mm. When the SPS was used as protonantiproton collider, the luminosity was maximized by minimizing the beta function to 0.5 m. Assuming this value the beam size would be about 0.06 mm.
The transverse intensity distribution is a Gaussian and in the present study we consider three different focal spot sizes that are characterized by = 0.088, 0.28, and 0.88 mm, respectively. These correspond to the cases of practical importance as discussed above.
III. ENERGY DEPOSITION BY THE SPS PROTONS IN TUNGSTEN
When the highly relativistic 450 GeV/ c protons generated by the SPS interact with matter, they generate a cascade of secondary particles ͑shower͒ which deposit their energy in the target material. The calculations presented in this paper have been carried out in two steps. First, the FLUKA code is employed to calculate the production and the transport of the secondary particles as well as the energy loss of the primary protons. FLUKA is a fully integrated particle physics and multipurpose Monte Carlo simulation package capable of simulating all components of the particle cascades in matter up to TeV energies. Details about this code can be found elsewhere. 34, 35 This energy loss data is then used as input to a two-dimensional hydrodynamic code, BIG2, 36 to study the target damaged caused by the beam.
In this section we present the energy loss simulation results calculated by the FLUKA code in a solid cylindrical target that is 2 m long and has a radius of 5 cm that is facially irradiated by the SPS beam. Three cases have been considered for the focal spot size that are characterized by = 0.088, 0.28, and 0.88 mm, respectively. The corresponding energy loss distributions by a single proton in GeV/ cm 3 for these three cases are presented in Figs. 1͑a͒-1͑c͒ which show a maximum energy losses of 400, 180, and 70 GeV/ cm 3 / proton, respectively. Moreover, the distribution becomes broader as the radius of the primary beam is increased. The specific energy deposited in J/g by a single proton bunch for the above three cases along the axial direction ͑r = 0.0͒ is plotted in Fig. 2͑a͒ . It is seen that one achieves a maximum specific energy deposition of about 400, 180, and Fig. 2͑b͒ we plot the same variable as in Fig. 2͑a͒ but in radial direction at the longitudinal position where the maxima occur. It is seen that the shower spreads more in the radial direction as the radius of the primary beam increases.
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IV. HYDRODYNAMIC SIMULATION RESULTS
In this section we present the numerical simulation results that have been obtained to study the damage caused to a solid cylindrical tungsten target by the beam. The target length is 2 m and it has a radius of 5 cm. The simulations have been carried out using a two-dimensional computer code, BIG2, 36 that is based on a Godunov-type numerical scheme. Equation of state data from Refs. 37 and 38 are used to model different physical states of tungsten in these calculations.
The energy loss data presented in Sec. III is used as input to the BIG2 code and the target simulations are carried out in the r-Z geometry. The specific energy deposition in the target for the cases, = 0.088, 0.28, and 0.88 mm at t = 7.2 s ͑end of the pulse͒, are plotted in Figs. 3͑a͒-3͑c͒ , respectively. It is seen that the level of deposited specific energy is comparable in the three cases but the distribution of the energy deposition is very different. In the first case, the maximum specific energy deposition is 7.36 kJ/g and the beam penetrates up to 1.5 m in the target. In the second case we have a specific energy deposition of 6.75 kJ/g while the beam penetrates up to 1.2 m in the target. In the third case, the beam penetration is up to 90 cm and the specific energy deposition is about 5.8 kJ/g. However, the beam heated region in the radial direction shows a behavior that is opposite to that in the longitudinal direction. Since the energy deposition is a localized phenomenon, we show only the region included in the inner 2 cm radius where the deposition is noticeable.
It is also to be noted that the range of the protons and the cascade particles in solid tungsten, as shown in Figs. 1 and 2 , is about 50 cm, whereas the results in Fig. 3 show that the penetration of the particles is much longer. This is because the target temperature increases substantially due to energy deposition that leads to a very high pressure that drives an outgoing radial shock wave. The shock propagation leads to a density reduction that allows the protons delivered in the subsequent bunches to penetrate further into the target, the so called tunneling effect, as mentioned in Sec. I. This leads to a substantial increase in the particle range.
The temperature distributions corresponding to the cases presented in Figs. 3͑a͒-3͑c͒ are given in Figs. 4͑a͒-4͑c͒ , respectively. It is seen in Fig. 4͑a͒ that the material is heated up to L = 1.5 m, which is in accordance with the energy deposition shown in Fig. 3͑a͒ and a maximum temperature of 4 ϫ 10 4 K is achieved at the center of the beam heated region. Figure 4͑b͒ shows that the material is heated up to L = 1.2 m and the maximum temperature is 3.7ϫ 10 4 K. However, the radius of the beam heated region is in this case larger than that in the previous one. Finally, Fig. 4͑c͒ shows that in the third case, the high temperature extends up to a position L = 90 cm and the maximum temperature is 2.6 ϫ 10 4 K, while the radius of the beam heated region is significantly larger than that in the previous two cases. These simulations show that in all the three cases, the temperature FIG. 6 . ͑Color online͒ Target density corresponding to Fig. 3 .
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is high enough to convert the material in a significant part of the target into a plasma state. The pressure distributions for the above three cases are presented in Figs. 5͑a͒-5͑c͒ , respectively. The generation and propagation of the outgoing radial shock wave is clearly seen.
The density distributions are presented in Figs. 6͑a͒-6͑c͒, respectively. It is seen in Fig. 6͑a͒ that at the end of the pulse, one has a density of 0.61 g / cm 3 ͑about 3% of the solid density͒ whereas in the other two cases, it is about 6% and 17% of the solid density, respectively.
In order to show the target parameters more quantitatively, for all the three cases of the focal spot sizes, we plot in Figs. 7͑a͒-7͑d͒ the profiles of specific energy, temperature, pressure, and density along the axis ͑r = 0.0͒ at the end of the pulse ͑t = 7.2 s͒. It is interesting to note that in Fig. 7͑b͒ , there is a small flat part at the end of all the three temperature curves which is due to the melting of the material.
These simulations show that at the end of the SPS pulse, in all the three cases, the physical parameters achieved in the beam heated region of the target correspond to a plasma state. Since the temperature is low while the target density is high, these plasmas belong to the special class of strongly coupled ͑nonideal͒ plasmas, 39 which are abundant in nature as they exist in stars, brown dwarfs, and giant planets. It is, however, to be noted that these plasmas have still not been properly and thoroughly investigated. A study of the physical properties of such systems in the laboratory is therefore of great importance to our understanding of the structure and formation of the universe.
In Fig. 8͑a͒ we plot the coupling parameter gamma for a tungsten plasma versus temperature for four different values of density, namely, 1%, 5%, 10%, and 20% of the solid density. These data have been calculated using the code SAHA-IV code, [40] [41] [42] which is specially designed for calculations of thermodynamic properties of multicomponent plasma with strong interparticle interactions. The calculational procedure is based on a chemical picture of the plasmas. 40, 41 Coulomb interaction of charged particles, short range repulsion of atoms and ions at close distances, degeneracy of free electrons, stages of ionization up to 20 were taken into account. Further details can be found in Ref. 42 . The density and temperature range used in these calculations corresponds to that achieved in the hydrodynamic simulations. It is seen from Fig. 8͑a͒ that one can generate a strongly coupled tungsten plasma with a coupling parameter on the order of 5. The corresponding degree of ionization is plotted in Fig. 8͑b͒ which shows that the target will be weakly ionized. 
V. FURTHER DISCUSSION OF THE RESULTS
In the previous calculations 33 we considered the heating and the hydrodynamic response of the target along the cross section at a longitudinal position, L =4 cm ͑point of maximum deposition͒. Thus the proton range was fixed and also the energy loss data calculated assuming that solid tungsten density was used throughout the calculations. As a consequence, the specific energy deposition in the target increased linearly with the number of the proton bunches that were delivered. However, the target density decreases substantially during the irradiation which would lead to a corresponding reduction in the proton energy loss. Therefore, the specific energy deposition in the calculations reported in Ref. 33 was overestimated. Although this is not a very realistic model, nevertheless, these simulations played an important role in understanding the problem of beam-target interaction. Using these simulation results, analytic estimates have been made to assess the penetration depth of the protons in the target material. In these calculations, we achieved a specific energy deposition of 111.3 kJ/g for a beam with a = 0.088 mm and 17.3 kJ/g in case of = 0.88 mm. The corresponding temperatures in the two cases were 2 ϫ 10 5 and 8 ϫ 10 4 K, respectively.
In the calculations presented in this paper, we have used a more advanced model for the proton energy deposition in the target. The target is considered in an r-Z geometry and the specific energy deposition in each cell of the hydrodynamic simulation model is normalized with respect to the line density along the axis. This allows for a reduction in specific energy deposition due to the density decrease during the target irradiation which allows for deeper penetration of the protons that are delivered in the later bunches. In these calculations we achieve the specific energy deposition for the cases with = 0.088, 0.28, and 0.88 mm as 7.36, 6.75, and 5.83 kJ/g, respectively. The corresponding temperature values are 4 ϫ 10 4 , 3.7ϫ 10 4 , and 2.6ϫ 10 4 K, respectively. This shows that the physical parameters of the target obtained using the two models are quite different. Nevertheless, the target is severely damaged in both cases for all the three different focal spot sizes of the beam generating huge samples of strongly coupled plasmas.
It is to be noted that the model used in the present calculations has led to a much better understanding of the target heating and the beam penetration. However, to have a full quantitative solution of this problem, it is necessary to couple the FLUKA and the BIG2 codes and carry out integrated calculations of energy deposition and hydrodynamics. This work is in progress.
VI. CONCLUSIONS
Numerical simulations have been presented in this paper that show that the 450 GeV/ c proton beam generated at the SPS at CERN has the potential to cause considerable damage to solid targets. This information is necessary to protect the equipment in case of an accident involving an uncontrolled release of the beam. It is also seen that the reduction in the density, caused by an outgoing radial shock wave generated by the high thermal pressure induced by first few tens of the proton bunches, will result in substantial range lengthening of the protons delivered in the subsequent bunches. This effect can have important implications on the design of machine protection units, for example, a sacrificial beam stopper. A very important and interesting outcome of this work is that the SPS beam can induce HED states in matter and can be used to carry out dedicated experiments in this important field of research at the High Radiation on Materials ͑HiRadMat͒ facility that is under construction at CERN. 
